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I.  SUMMARY 


A  Phase  I  research  program  on  capacitive  energy  storage  at  liquid- 
nitrogen  temperatures  is  reported.  A  composition  in  the  cadmium- 
lead-niobate-tantalate  family  of  ceramic  ferroelectrics  was  chosen  with 


a  paraelectric ^ferroelectric  phase  transition  at  71  K  (so-called  CPN17 
composition),  and  prototype  multilayer  capacitors  (MLC's),  1  x  1  x  0.2 
cfr|3  with  46  active  layers,  were  fabricated  for  testing.  Dielectric- 
constant,  specific-heat,  and  electrocaloric  data  were  measured  on  these 
MLC's  in  the  range  77  -  100  K  at  electric  fields  up  to  200  kV/cm. 

All  the  measured  data  can  be  explained  and  correlated  very  satis¬ 
factorily  using  a  Ginzburg-Landau  expansion  of  the  free  energy  in  combi¬ 
nation  with  the  TdS  equation  for  dielectrics. 

Capacitive-energy-storage  densities  were  computed  from  the 
measured  electric-field  dependence  of  the  dielectric  constant  at  77  K 
using  the  Helmholtz  integral.  A  state-switching  phenomenon  was 
observed*  Above  ~  300  kV/cm,  CPN17  switches  to  a  new,  highly  polari¬ 
zable  state,  and  the  Helmholtz  energy  density  for  this  state  is  ~  55 
J/cm3  ~  p  j/g  (measured  to  1.08  MV/cm).  This  induced  state  is  non- 
hysteretic.  In  the  absence  of  state-switching,  the  energy  density  is 
1  -  2  0/g  (i.e.,  obtained  by  extrapolating  the  dielectric  data  measured 
up  to  ~  200  kV/cm). 

~'Yhe  zero-field  specific  heat  of  CPN17  is  0.15  77  K  and 

displays  an  excess  specific  heat  centered  around  82  K^J The  "background" 
specific  heat  of  CPN17  is  characterized  by  an  effective \)ebye  tempera¬ 
ture  of  442  K,  and  the  effect  of  an  electric  field  is  to  suppress  the 
specific  heat  but  this  effect  is  not  large  (~  6%  at  200  kV/cm). 
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Reversible,  electrocaloric  effects  are  demonstrated  in  CPN17  at 
77.7  and  94.3  K,  and  these  temperature  changes  are  ~  0.8  K  at  130  kV/cm. 
Thus,  electrocaloric  cooling  by  adiabatic  depolarization  on  discharge 
(E  -*■  0)  is  available  in  CPN17  as  a  possible  stabilization  mechanism  to 
compensate  irreversible  heating  effects,  and  the  energy  density  avail¬ 
able  is  ~  1  J  cm-3. 

Joule  heating  in  the  thin  metal  electrodes  of  the  MLC  on  charge/ 
discharge  is  examined.  It  is  concluded  that  this  heating  effect  is 
minor  even  under  extreme  conditions  --i.e.,  the  associated  temperature 
rise  in  the  adjacent  ceramic  is  ~  2mK. 

The  technical  goals  of  this  Phase  I  study  have  been  met  (exceeded, 
actually),  and  areas  of  further  research  in  a  Phase  II  program  are 
recommended. 

II.  INTRODUCTION 

Storing  energy  in  capacitor  banks  at  room  temperature  is  commonly 
used  in  applications  where  size  or  weight  has  not  been  a  major  concern. 
However,  capacitive-energy-storage  at  cryogenic  temperatures  offers  con¬ 
siderable  advantages:  (1)  Dielectric  breakdown  strengths  in  ceramic 
capacitors  are  enhanced;  (2)  Deleterious  effects  due  to  electronic  con¬ 
duction  and/or  aging  in  ferroelectric  ceramics  may  be  frozen  out;  (3) 
Electrical  resistivities  of  metal  components  are  decreased  by  an  order 
of  magnitude  compared  to  room  temperature;  and  (4)  A  judicious  choice  of 
ceramic  compositions  can  lead  to  electrocaloric  cooling  effects  on  dis¬ 
charge  (E  +  0)  which  can  partially  offset  irreversible  heating  effects. 
Finally,  both  liquid  nitrogen  (77.4  K)  and  liquid  oxygen  (90.2  K)  are 


inexpensive  cryogens  with  large  latent  heats,  and  the  latter  cryogen  is 
available  on  spacecraft. 

There  are  few  published  studies  of  capacitive  energy  storage  at 
cryogenic  temperatures.  A  General  Electric  study1  in  the  late  60' s 
reported  energy  densities  *  0.6  J/cm3  at  77  K,  and  a  Corning  Glass  Works 
study2  reported  densities  up  to  ~  5  J/cm3  at  77  K. 

From  basic  research  at  CeramPhysics  in  the  cadmium-lead-niobate- 
tantalate  family  of  ferroelectric  ceramics,  a  composition  range  was 
discovered  which  has  a  very  large  maximum  in  the  dielectric  constant 
(=  7000)  at  liquid-nitrogen  temperatures,  and  the  paraelectric  *  ferro¬ 
electric  transition  temperature  can  be  compositional ly  varied  from 
50  to  150  K.  Early  estimates  of  the  energy  density  values  possible  with 
these  ceramics  at  cryogenic  temperatures  suggested  20  -  25  J/cm3,  and 
these  materials  sinter  in  a  temperature  range  favorable  for  making 
multilayer  capacitors  (MLC's)  using  state-of-the-art,  tape-casting  manu¬ 
facturing  methods. 

These  concepts  led  to  the  funding  of  this  Phase  I  research  program 
to  explore  the  dielectric  and  thermal  properties  of  a  ceramic  compo¬ 
sition  with  a  transition  temperature  =  70  K.  This  Final  Report  is 
organized  along  the  following  lines:  First,  in  Section  III  the  theoret¬ 
ical  concepts  will  be  reviewed,  as  this  will  set  the  venue  of  the  report 
and  explain  why  certain  measurements  were  made  from  a  thermodynamic 
point  of  view.  Section  IV  will  describe  the  experimental  methods  used, 
and  in  Section  V  the  E-field  dependent  dielectric  measurements  will  be 
presented  which  bear  directly  on  capacitive  energy  storage.  The  results 
of  specific  heat  and  electrocaloric  measurements  will  be  presented  in 
Section  VI,  and  a  complete  thermodynamic  analysis  of  all  the  dielectric 


and  thermal  data  along  the  theoretical  lines  of  Section  III  will  be 
given  in  Section  VII.  The  report  will  conclude  with  Sections  VIII 
(Discussion  and  Conclusions)  and  IX  (Recommendations  for  Future 
Studies) . 

For  easy  reference  the  symbols  used  in  the  text  are  summarized 

below: 

E  Electric  field  strength 

P  Polarization 

e£  Dielectric  constant  at  E 

aF  Helmholtz  energy  density 

C(r  Specific  heat  at  E 

p  Density 

ATe  Reversible  electrocaloric  temperature  changes 

x,c,C  Ginzburg-Landau  expansion  coefficients 


III.  THEORETICAL  CONSIDERATIONS 


In  this  section,  the  theoretical  concepts  needed  to  understand  the 
physics  of  capacitive  energy  storage  and  the  associated  electrocaloric 
effects  will  be  reviewed,  and  this  section  will  also  provide  a 
background  for  the  experiments  undertaken. 

The  dielectric  state  variables  are  P,E,  and  T,  and  for  ferro- 
electrics  these  are  related  through  the  Ginzburg-Landau  expansion  of  the 
Gibbs  free  energy,3 


j'l  V. 


A-  i  i  ;  -t 


•  •  •  -  -  • 
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A  -  A0  +-|x0P2  +^f*  +  ... 


which  has  the  definitional  properties  that 


E  =  aA/aP  =  x0p  +  5  p3  +  ?ps  +  ... 


(1) 


(?) 


and 


XE  =  %/e E  ■  aE/aP  =  X0  +  3cP2  +  5C P4  *■  ...  (3) 

Here  X  is  the  dielectric  susceptibility,  and  Eq.  (1)  has  the  symmetry  of 
a  cubic  paraelectric  material  such  as  the  pyrochlore  ceramics  in  this 
program.  It  is  usual  to  assume  that  only  the  X0  coefficient  is 
temperature  dependent,  X0  *  T-T0  (the  Curie-Weiss  law).  We  remark, 
however,  that  all  three  phase  transitions  in  BaTi03  have  been  accounted 
for  within  this  formalism  by  allowing  5  and  c  to  have  a  small 
temperature  dependence  also.4 

The  energy  available  in  an  isothermal  process  for  reversible 
conditions  is  the  Helmholtz  density 

aF  =  /  EdP  (4) 

which  from  Eq.  (3)  becomes 

,  S  2 

aF  «  ■—  J  eEdE2.  (5) 

0 
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Equation  (5)  is  one  of  the  central  results  of  this  section  and 
illustrates  that  capacitive  energy-storage  densities  are  directly  found 
from  the  E-field  dependence  of  the  dielectric  constant.  The  field  Ec  in 
Eq.  (5)  is  an  upper  field  limit,  and  aF  depends  quadratical ly  on  Ec, 
underscoring  the  desirability  of  the  large  breakdown  strengths  that  may 
be  achievable  in  ceramic  capacitors  at  cryogenic  temperatures. 

The  expansion  Eq.  (1)  is  in  powers  of  P  for  ferroelectrics  because 
the  spontaneously  polarizedfistlefined  as  P  *  0  for  E  =  0,  and  Eq.  (2) 
yields  properties  of  the  coefficients  (e.g.,  for  a  second-order 
transition,  5  >  0).  For  our  purposes,  it  is  more  convenient  to  invert 
Eq.  (2),  and  substituting  in  Eq.  (3)  we  have 

XE  =  X0  +  (3 S/XJE2  +  (5 c/xo  -  6 52/Xq)  E4  +  ...  (6) 

for  the  explicit  E-field  dependence  of  ce  =  4n/XE. 

Turning  next  to  the  thermal  properties,  the  reversible  electro¬ 
caloric  properties  are  described  by  the  TdS  equation  for  dielectrics5 

TdS  =  CEtiT  +  T(aP/aT)EdE  (7) 

which  for  the  adiabatic  processes  {dS  =  0)  leads  to  the  differential 
equation 

(8) 


CEdT/T  =  -  (3P/3T)EdE 


We  now  assume  that  in  the  low-field  region  the  relative  temperature 
changes  dT/T  are  small  and  the  E-field  dependence  of  the  specific  heat 
is  small  also.  Therefore,  inverting  Eq.  (2),  performing  the  derivative 
aP/aT,  and  performing  the  integration  in  Eq.  (8)  we  have 

CEATe/T  s  aE2  +  bE1*  +  cE&  +  ...  (9) 

where 

a  =  x0/2Xq 

b  =  -  5X0/X0  (IP) 

c  =  X0(2152/6X80  -  ,/X70) 

•  2 

where  X0  =  dX0/dT  =  -  (4ir/eo)deo/rfT,  and  the  temperature  dependences  of 
5  and  £  have  been  ignored. 

Equation  (9)  is  the  simplest  theromodynami c  expression  relating 
the  specific  heat  and  electrocaloric  data  to  the  dielectric  data  through 
the  Ginzburg-Landau  coefficients,  and  we  shall  use  Eqs.  (6),  (9)  and 
(10)  in  Section  VIII  to  correlated  all  these  data. 

Equations  (8)  and  (9)  reveal  an  important  finding.  Namely,  on 
general  grounds  aP/aT  <*  deo/dT  (note  that  the  T-dependence  of  c  and  5  is 
generally  very  small  compared  to  that  of  X0).  Consequently,  the 
electrocaloric  cooling  effects  on  discharge  will  scale  with  de0/dT,  and 
this  is  an  important  practical  result  for  maximizing  (or  minimizing) 
electrocaloric  effects. 

Finally,  we  address  the  problem  of  Joule  heating  in  the  thin  metal 
electrodes  of  a  multilayer  ceramic  capacitor  on  charge/discharge,  as 
these  electrodes  could  represent  the  largest  resistance  component  in  the 
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energy-storage  circuit.  We  construct  the  following  simple  model: 
Consider  a  single,  electroded  ceramic  layer  of  thickness  d,  length  i , 
and  width  w.  The  metal  electrode  has  a  thickness  5  so  that  the 
electrode  resistance  is 

Re  -  (pe/<5)U/w)  (11) 

where  Pe  is  the  electrode  resistivity. 

The  total  energy  stored  in  this  single-layer  capacitor  is 

QaV  =  vaF  (12) 

where  v  is  the  ceramic  volume  (iwd),  0  is  the  charge,  V  is  the  voltage, 
and  aF  is  given  by  Eq.  (5).  The  Joule  heat  generated  in  the  electrode 
is 


u  =  i2ReAt  (13) 

where  i  is  the  current  carried  by  the  electrode  and  At  is  the  charge/ 
discharge  time.  Approximating  i  =  Q/At  and  combining  with  Eq.  (11),  Eq. 
(13)  becomes 

U  =  q2(Pe/s)UM/At  (14) 

The  charging  field  is  Ec  =  AV/d,  and  combining  Eqs.  (12)  and  (14)  we 
have  the  final  result 
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U  “  ( pe/6) ( W£3/At) ( AF/EC) 2 


(15) 


Equation  (15)  reveals  several  practical  features.  For  example,  the 
factor  oj£3/ At  will  be  large  for  large  capacitors  and  fast  discharge 
times,  but  u  is  independent  of  the  ceramic  thickness.  Also,  since 
AF  «  Ec  from  Eq.  (5),  Eq.  (15)  indicates  that  u  «  Ec  .  Numerical 
examples  based  on  Eq.  (15)  will  be  given  in  Section  VIII. 


IV.  EXPERIMENTAL  METHODS 


Sample  Preparation 

Based  on  CeramPhysics'  research  at  cryogenic  temperatures  in  the 
cadmium-lead-niobate-tantalate  family  of  ferroelectric  ceramics,  a 
composition  was  selected  which  had  a  paraelectric-ferroelectric  transi¬ 
tion  temperature  *  70  K,  thus  insuring  a  cubic  pyrochlore  material  at  77 
K.  This  composition  is  labelled  CPN17  in  what  follows,  and  prototype 
multilayer  capacitors  (MLC's)  were  fabricated  from  this  composition. 

In  designing  the  multilayer  capacitors  for  testing,  the  two  most 
important  considerations  were  the  size  of  the  MLC  and  the  dielectric 
thickness.  That  is,  the  MLC  could  not  exceed  about  1  x  1  x  0.5  cm3  due 
to  space  limitations  in  the  adiabatic  calorimeter,  and  it  was  desirable 
to  have  the  dielectric  thickness  be  as  small  as  possible  to  achieve 
large  electric-field  strengths.  After  some  testing  with  cast  ceramic 
tapes  of  CPN17,  it  was  decided  to  design  the  MLC's  with  fired  dimensions 
1  x  1  x  0.2  cm3  wherein  there  were  46  active  dielectric  layers  with 
electroded  areas  about  0.8  x  0.8  cm2  per  layer.  The  dielectric  thick¬ 
ness  was  designed  to  be  less  than  50  pm  (.002")  after  firing. 
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Figure  5.  Field-dependent  dielectric  data  at  77  K  measured  on  two 

MLC's  showing  the  unit-to-unit  reproducibility  of  the  data 


show  that  the  CPN17  ceramic  in  the  MLC  has  the  desired  properties  (emax 
~  7000  at  ~  70  K)  and  that  de0/dT  is  quite  large,  ~  100  K"1  at  ~  90  K). 

Field-dependent  dielectric  data,  ep»  at  77  K  are  shown  in  Fig.  4, 
and  these  data  reveal  a  property  of  CPN17  that  was  universally  found  at 
or  above  77  K;  namely,  the  ep-curve  is  exactly  reproducible  on 
Increasing  and  decreasing  E,  indicating  the  complete  absence  of 
hysteretic  effects.  This  is  an  Important  practical  result  for 
capacitive  energy  storage. 

Field  dependent  ep-data  measured  on  two  MLC's  are  shown  in  Fig.  5, 
and  an  excellent  unit-to-unit  reproducibility  is  seen.  The  ejr-data 
appear  to  saturate,  and  a  graphical  extension  of  the  data  indicates 
e  «  195  as  indicated  by  the  dashed  line  in  Fig.  5  (See  below). 

oo 

One  of  the  MLC's  from  the  second-batch  of  MLC's  withstood  3000  V 
in  the  course  of  eE  measurements  at  77  K,  and  these  data  are  shown  in 
Fig.  6.  A  very  interesting  effect  is  seen:  Up  to  point  A,  cp  drops 
rapidly  with  E,  but  at  E  s  300  kV/cm  ep  switches  onto  the  curve  B-C  and 
is  apparently  stable  as  E  Is  varied  along  the  B-C  curve.  On  decreasing 
E  from  point  C  to  zero,  the  original  value  of  eo  reproduced  very 
well.  This  value  of  eo  (~  3500)  differs  from  eo  ln  Fig.  5  (~  7000), 
and  this  may  be  due  to  the  finer  particle-size  ceramic  used  in  the 
second  batch  of  MLC's. 

Several  attempts  were  made  to  reproduce  the  data  in  Fig.  6,  and 
although  the  curve  up  to  point  A  could  be  reproduced  very  well  with  the 
second-batch  MLC's,  no  MLC  could  withstand  E  =  300  kV/cm  (including  the 
original  MLC  of  Fig.  6  which  failed  on  re-measuring). 

It  was  wondered  if  the  electronic  system  (i.e.,  bridge  +  extension 
components  +  protection  circuitry)  were  acting  anomalously  at  large 


applying  Eq.  (18)  that  the  inactive  ceramic  is  included  in  the  addenda 
and  that  Cs  is  the  heat  capacity  at  that  E-field  level. 


Finally,  in  the  field  cycle  0  +  E  +  0  there  may  be  an  asymmetry 
in  the  polarization  and  depolarization  temperature  changes,  and  this  is 
a  sensitive  test  for  hysteretic  (irreversible)  effects.  These  can  be 
separated  by  writing  each  aT  as  the  sum  of  reversible  and  irreversible 
parts,  where  the  former  depends  on  the  sign  of  aE  but  the  latter  does 
not.10  The  reversible  part  is  called  ATe  in  this  report. 

Electrode  Resistance  Measurements 

One  of  the  CPN17  MLC's  was  cut  on  a  diamond  saw  to  expose  all  the 
Pt/Pd/Au  electrodes  on  the  two  termination  faces,  and  the  resistance 
between  these  two  faces  was  measured  using  four-lead  dc  potentiometric 
methods.  Several  current  levels  between  1  -  10  mA  were  used,  and  the 
current  was  reversed  to  eliminate  thermal  emf's.  The  MLC  had  47 
electrodes  constituting  47  parallel  resistors  in  this  sample,  and  the 
resistance  per  electrode  was  0.145  0  at  300  K,  2.90  n  at  77  K.  Each 
electrode  was  0.74  cm  long  in  the  current  direction  and  0.80  cm  wide,  so 
that  the  quantity  peS  entering  Eq.  (15)  is  3.14  q  at  77  K.  The 
electrodes  were  found  to  be  ohmic  at  both  temperatures. 

V.  DIELECTRIC  RESULTS 

The  theoretical  discussion  in  Section  III  indicates  the  need  for 
e0(T)  data  —  e0  enters  the  leading  term  in  Eq.  (3),  de0/dT,  the  leading 
term  in  Eq.  (9).  These  measured  data  are  shown  in  Fig.  3,  40  -  100  K, 
and  the  inset  data  show  detail  around  the  peak  at  70.8  K.  These  data 
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three  Keithley  Model  181  nanovoltmeters  IEEE-interfaced  with  a  DEC  350 
computer  programmed  to  read  the  nanovoltmeters  every  20  sec  [dt  in  Eq. 
(17)].  The  T-Tr-At  data  record  generated  is  then  analyzed  according  to 
Eq.  (17)  to  give  the  desired  Cj:(T)  data. 

There  is  a  subtlety  involved  in  reducing  these  Cf  data;  namely, 
only  ~  60%  of  the  CPN17  ceramic  in  the  MLC  is  exposed  to  the  E-field  due 
to  the  pullback  and  cover  plates  (larger  MLC's  would  be  much  more 
dielectrically  efficient).  Therefore,  this  "inactive  volume"  of  the 
ceramic  is  treated  as  an  addendum,  and  the  pulse,  C0-data  are  used  to 
make  this  correction. 

The  electrocaloric  data  are  measured  in  a  straightforward  fashion: 
After  stabilizing  the  reservoir  at  some  desired  temperature,  the  MLC 
temperature  changes  are  measured  on  cycling  the  field  0  Ej  -►  0, 

0  +  E2  >  0,  etc.  The  temperature  rises  on  adiabatic  polarization 
(0  +  E)  and  on  adiabatic  depolarization  (E  +•  0)  are  determined  by 
measuring  the  thermometer-voltage  changes  on  a  Hewlett  Packard  Model 
7128A  chart  recorder.  A  high  voltage  switch  box  was  constructed  for 
rapidly  switching  the  voltage  on  and  off  the  sample  because  the  time 
constant  of  the  power  supply  for  V  ->•  0  was  too  long. 

The  actual  and  measured  temperature  changes  are  related  by 

^actual  =  £^35  (1  +  Ca/Cs),  (18) 

where  Ca  is  the  heat  capacity  of  the  addenda  and  Cs  is  the  heat  capacity 
of  the  ceramic  exposed  to  the  E-field,  and  Eq.  (18)  reflects  the  fact 
that  the  "active"  ceramic  is  thermally  loaded  by  the  addenda.  Note  in 


Schematic  drawing  of  the  MLC  mounting  for  specific  heat 
and  electrocaloric  measurements.  The  MLC  (A)  is  fixtured 
with  a  thermometer  (E)  and  heater  (F)  and  suspended  on 
a  thermal  link  (D)  from  a  copper  post  (C)  bolted  into  the 
reservoir  (B)  at  ground  potential.  A  high  voltage  lead 
(G)  is  attached  to  the  opposite  side  of  the  MLC  with 
silver  paste. 


metal  electrodes  in  the  MLC  (40  Pt,  20  Pd,  40  Au)  constitute  an  addendum 
but  could  not  be  determined  independently.  From  the  measured  densities 
of  the  MLC's,  an  average  electrode  weight  was  determined,  25.1  mg  per 
MLC. 

The  first  step  in  these  thermal  measurements  was  to  measure  the 
zero-field  specific  heat,  C0,  by  the  standard,  dynamic-pulse  method.6 
The  E-field  dependence  of  the  specific  heat  was  measured  by  a  dri ft 
method.  Referring  to  Fig.  2,  with  the  reservoir  stabilized  at  77  K, 
the  heater  was  used  to  bring  the  MLC  to  some  elevated  temperature 
(~  95  K) .  Then,  after  de-activating  the  heater,  the  MLC  temperature 
slowly  drifted  in  time  to  the  reservoir  temperature  according  to 

Ct(dT/dt)  =  -  /  T  GdT  (17) 

Tr 

where  Ct  is  the  total  heat  capacity,  Tr  is  the  reservoir  temperature, 
and  G  is  the  thermal  conductance  of  the  link  (D  in  Fig.  2).  The 
advantage  of  this  method  is  that  several  drifts  can  be  made  at  various 
E-fields  using  automated  data-col lection  methods  once  the  conductance  of 
the  link  is  calibrated. 

The  link  is  calibrated  from  a  drift  at  E  *  0  as  follows:  The 
pul se  heat  capacity  data  are  combined  with  the  measured  (dT/dt)  data  in 
the  fc.h.s.  of  Eq.  (17),  and  G(T)  is  expanded  in  powers  of  T  for 
integrating  the  r.h.s.  of  Eq.  (17).  Regression  analyses  are  then  used 
to  determine  the  expansion  coefficients  which  then  calibrate  the  link. 

The  method  is  implemented  as  follows:  The  carbon  thermometer  on 
the  MLC  and  the  Pt  thermometer  are  wired  in  series,  and  the  common 
exciting  current  and  the  two  thermometer  voltages  are  measured  using 


bridge.  Two  types  of  measurements  were  made:  (1)  e0  \ts_.  T,  40  -  100  K; 
and  (2)  eg  vs_.  E  at  77  K.  The  former  measurement  was  made  in  a  tempera¬ 
ture-control  led,  two-can  cryostat,  and  the  latter  measurements  were  made 
by  immersing  the  MLC  directly  in  a  dewar  of  liquid  nitrogen. 

Dielectric  breakdown  measurements  at  cryogenic  temperatures  were 
made  inadvertently  in  the  course  of  other  measurements. 

Specific  Heat  and  Electrocaloric  Measurements 

Equations  (7)  -  (9)  above  show  the  intimate  relation  between  the 
specific  heat  and  the  electrocaloric  properties,  and  all  of  these 
measurements  were  made  in  a  temperature-controlled,  two-can,  adiabatic 
calorimeter.6  The  MLC's  measured  were  mounted  in  the  calorimeter  as 
shown  in  Fig.  2.  The  MLC  (A)  was  fixtured  with  a  heater  (F,  ~  300  ft), 
carbon-chip  thermometer  (E,  ~  10  mg),  and  thermal  link  (D)  using  G.E. 
7031  varnish,  and  the  weights  of  these  addenda  were  determined  by 
cumulative  weighings.  A  thin  manganin  lead  (G)  connected  half  of  the 
MLC  electrodes  to  the  high-voltage  supply,  and  the  other  half  of  the 
electrodes  were  connected  to  ground  by  the  thermal  link  (D)  which  was 
indium-soldered  to  a  copper  pin  (C)  bolted  into  the  reservoir  (B). 

A  calibrated  Pt  thermometer  was  mounted  in  the  reservoir  (B),  and 
the  carbon  thermometer  (E)  was  ground  from  a  470  n,  1/8  W,  A1 len-Bradley 
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resistor  and  calibrated  in  the  course  of  the  run  according  to 

log  R  =  A  +  BT-p.  (16) 

The  addenda  corrections  in  the  liquid-nitrogen  range  (i.e.,  for 
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manganin,  silver,  7031,  etc.)  were  made  using  literature  data.  ♦  The 
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voltage  is  applied  to  the  circuit.  As  the  blocking  capacitor  and  sample 
are  charged  through  the  isolation  resistors,  no  voltage  will  appear 
across  the  bridge  terminals.  After  a  time  period  greater  than  several 
time  constants,  the  shorting  switch  is  opened  and  the  capacitance 
reading  is  taken  on  the  bridge.  The  isolation  resistors  (2.7  Mn) 
prevent  the  bridge  from  "seeing"  the  high  voltage  supply. 

The  calculation  of  the  sample  capacitance  takes  into  account  the 
series  blocking  capacitor  (nominal  3  yf  from  Maxwell  Laboratories)  and 
the  parallel  (small)  capacitances  of  the  neon  light,  etc.  For  small 
sample  capacitances  the  blocking  capacitor  may  be  treated  as  an  infinite 
capacitance  in  the  first  approximation.  If  the  sample  is  larger,  or  if 
more  accuracy  is  required,  the  exact  value  of  the  blocking  capacitance 
and  the  dependence  of  this  value  on  voltage  needs  to  be  known.  These 
values  were  measured  with  the  help  of  an  additional,  identical  capacitor 
supplied  by  Maxwell  Laboratories. 

In  case  of  problems  (e.g.,  sample  breakdown)  there  are  several 
protective  devices  built  into  the  circuit  to  protect  the  bridge.  Large 
current  flows  are  prevented  by  the  fuse  ( AGX  2)  in  series  with  the 
blocking  capacitor.  Two  redundant  systems  protect  the  bridge  from 
voltages  appearing  across  the  input  leads.  There  is  a  pair  of  zener 
diodes  between  each  input  lead  and  the  capacitor  case  (equivalent  to  the 
lead  shields).  These  are  large  wattage  zeners  and  are  selected  to 
trigger  at  a  low  voltage  (14  V  in  this  case).  The  redundant  neon  lamp 
will  also  become  conductive  once  the  voltage  across  it  reaches  a  thres¬ 
hold  value. 

All  capacitance  measurements  in  this  program  were  made  by  the 
three-terminal  method  using  coaxial  cables  from  the  sample  to  the 


We  remark  at  this  point  that  the  fabrication  methods  used  above 
cannot  be  optima1  and  in  this  short  Phase  I  program  there  were  neither 
the  time  nor  resources  to  optimize  these  fabrication  variables. 

However,  a  limited  attempt  was  made  to  improve  the  dielectric 
breakdown  strength  by  making  a  small,  second  batch  of  MLC's  starting 
with  much  finer  reacted  powders  of  CPN17  to  improve  the  homogeneity  of 
the  ceramic  slurry  used  in  tape  casting.  The  above  processing  methods 
were  used,  and  these  second-batch  MLC's  had  thinner  fired  dielectric 
thicknesses,  28  ym  (0.0010  in.).  As  we  shall  see,  one  of  these  latter 
MLC's  yielded  remarkable  experimental  results. 

Dielectric  Measurements 

According  to  Eq.  (5),  the  eg  measurements  are  central  to  this 
study,  and  for  these  measurements  a  General  Radio  1620-A  Capacitance 
Measuring  Assembly  was  used.  The  above  design  of  the  MLC's  resulted  in 
a  very  large  capacitance  value  at  77  K,  =  4.3  yF,  which  was  beyond  the 
range  of  the  General  Radio  Bridge,  <  1  yF.  Consequently,  a  range- 
extension  capacitor  (G.R.  1615-PI)  was  purchased. 

The  stored  energy  density  depends  on  measuring  eg  to  large 
E-fields  [i.e.,  Ec  in  Eq.  (5)J,  but  the  insertion  unit  on  the  above 
bridge  only  protected  the  detector  up  to  500  V.  Consequently,  a  bridge- 
portection  circuit  was  built  to  extend  the  applied  voltage  range  to  3000 
V,  the  limit  of  the  Keithley  Model  247  Power  Supply.  A  schematic  of 
this  circuit  is  shown  in  Fig.  1,  and  the  theory  of  operation  is  as 
follows: 

When  a  capacitance  measurement  of  the  sample  is  to  be  made,  the 
shorting  switch  is  closed,  the  voltage  supply  is  turned  on,  and  a 
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The  test  MLC's  were  fabricated  by  standard  capacitor-manufacturing 
methods,  as  follows.  The  appropriate  starting  chemicals  were  mixed  by 
wet-milling,  and,  after  drying,  the  powders  were  calcined  at  900°C  for  4 
hrs.  to  form  reacted  CPN17.  The  ceramic  was  then  ground  to  a  fine 
particle  size  (~  2  pm),  mixed  with  an  organic  binder,  and  cast  into  a 
"tape"  about  80  pm  thick.  Sections  of  this  tape,  approx.  5x5  cm2, 
were  stacked  one  on  top  of  another  with  an  electrode  pattern  silk- 
screened  on  each  section.  The  electrode  paste  contained  40%  Pt,  40%  Au, 
and  20%  Pd,  and  three  cover  sheets  were  left  on  the  bottom  and  top  of 
the  stack. 

The  stack  was  next  taken  through  a  slow  binder-burnout  step  at 
400°C  for  24  hr.  to  remove  the  organic  binders  in  the  tape  sections  and 
electrode  paste.  Finally,  the  stack  was  sintered  at  1225°C  for  1  hr., 
and  in  this  step  the  reacted  CPN17  powders  sinter  and  fuse  together  to 
form  a  dense,  monolithic  plate.  The  individual  MLC's  are  then  cut  from 
the  plate  with  a  diamond  saw. 

Twelve  MLC's  of  CPN17  were  fabricated  in  this  fashion,  and  the 
design  parameters  were  satisfied  very  well.  The  MLC  dimensions  achieved 
were  0.99  x  0.99  x  0.20  cm3,  and  the  dielectric  thicknesses  were  45  pm 
(.0018  in.). 

The  densities  of  these  MLC's  were  somewhat  smaller  (6.2  -  6.4) 
than  the  theoretical  density  of  CPN17  (6.5  gm/cm3),  and  so  it  was 
decided  to  hot-isostatically-press  half  of  the  MLC's  to  see  if  the 
density  could  be  improved.  Unfortunately,  a  sheer  stress  developed 
during  this  HIP  process  which  delaminated  the  six  MLC's,  thus  leaving 
only  six  MLC's  for  testing. 
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voltages,  so  a  3  pF  capacitor  from  Maxwell  Laboratories  was  measured  on 
the  system  up  to  3  kV,  but  there  no  anomalies  in  the  capacitance  data. 
We  conclude,  therefore,  that  the  data  in  Fig.  6  are  real  and  are  most 
likely  due  to  field-induced  state-switching  in  CPN17  to  a  highly 
polarizable  state. 

The  dielectric  breakdown  strengths  of  these  prototype  MLC's  were 
erratic  and  smaller  than  expected.  The  average  breakdown  strength  of 
the  second  batch  (~  260  kV/cm)  was  improved  over  the  first  batch  (~  150 
kV/cm) ,  and  it  is  significant  that  one  MLC  from  each  batch  withstood 
3  kV  at  77  K  (675  and  1080  kV/cm  for  these  first-  and  second-batch 
MLC's,  respectively;  these  values  are  not  included  in  the  averages). 
Clearly,  there  were  insufficient  MLC's  for  a  statistical  sampling,  but 
the  results  suggest  that  very  large  breakdown  strengths  are  certainly 
feasible  at  cryogenic  temperatures  in  ceramic  capacitors. 

The  data  in  Figs.  5  and  6  now  allow  energy-storage  estimates 
according  to  Eq.  (5),  and  two  approaches  were  taken:  (1)  The  c£  in 
Fig.  5  can  be  numerically  integrated  up  to  200  kV/cm,  above  which  c£  - 
195;  and  (2)  The  two  upper  curves  in  Fig.  6  can  be  numerically 
integrated  to  point  C  (1080  kV/cm).  The  results  of  these  estimates  are 
given  in  Table  I. 
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Table  I 

Energy  Storage  Estimates,  Eq.  (5) 
CPN17  MLC's  at  77  K 


Ec,  kV/cm 

aF,  J/cm3 

AF,  J/g 

214(a) 

0.81 

0.13 

400(b) 

1.8 

0.28 

600(b) 

3.4 

0.55 

900(b) 

7.2 

1.2 

1080(b) 

10.5 

1.7 

1080(c)( induced  state) 

51-58 

8. 2-9. 4 

(a)  Limit  of  Fig.  5  data 

(b)  Extension  of  Fig.  5  data 

(c)  Limit  of  Fig.  6  data 


A  CPN17  density  of  6.2  g/cm3  was  used  to  convert  aF  to  a 
gravimetric  basis  in  Table  I,  and  the  spread  in  AF-values  for  the 
i nduced-state  in  Table  I  reflects  the  spread  in  the  e^-curves  in  Fig. 

6. 

If  the  highly-polarizable  induced  state  of  CPN17  can  be 
stabilized,  the  Table  I  estimates  show  that  the  AF-values  associated 
with  this  state  are  quite  huge. 

VI.  SPECIFIC  HEAT  AND  ELECTROCALORIC  RESULTS 

The  zero-field  specific  heat  data  for  the  CPN17  ceramic  material 
in  two  MLC's  (first  batch)  are  shown  in  Fig.  7  in  the  range  77  -  110  K. 
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Figure  7.  Zero-field  specific  heat  of  the  CPN17  ceramic  material 
in  two  MLC's  (first  batch).  An  excess  specific  heat  i 
indicated,  upper  curve,  found  by  substracting  a  Debye 
background  specific  heat  (dashed  curve). 


The  C0-data  for  the  two  MLC's  agree  quite  well,  and  this  serves  as  a 
valuable  check  on  the  methodology. 

The  knee  in  the  data  at  ~  82  K  suggests  an  excess  specific  heat 
associated  with  the  paraelectric-ferroelectric  transition.  The  Fig.  7 
data  were  fitted  to  a  Debye  specific  heat  at  the  higher  temperatures 
(00  =  442  K)  shown  by  the  dashed  curve  in  Fig.  7,  and  this  Debye 
background  was  substracted  from  C0  to  determine  the  "excess  specific 
heat"  AC0-curve  in  the  upper  plot.  We  shall  return  to  this  excess 
specific  heat  below. 

The  electric- field  dependence  of  the  specific  heat  of  the  CPN17 
ceramic  in  several  MLC's  from  both  batches  is  shown  in  Fig.  8,  plotted 
as  Ce/C0  at  several  temperatures.  An  apparently  universal,  temperature- 
independent  E-field  dependence  is  found,  although  the  effect  of  a  field 
is  relatively  small  (~  6%  at  200  kV/cm)  and  appears  to  saturate  at  about 
200  kV/cm,  approximately  the  same  region  where  eg  saturates,  Fig.  5. 
Going  further,  we  note  from  Fig.  7  that  the  excess  specific  heat  aC0  < 
0.02  J  g"1  K_1  compared  to  the  total  specific  heat  *  0.19  J  g_1  K*1,  a 
10%  effect.  Presumably  then,  the  excess  specific  heat  in  Fig.  7 
represents  the  E-field-controllable  specific-heat  component  (note  that 
the  excess  specific  heat  plot  in  Fig.  7  depends  strongly  on  the  choice 
of  0o). 

Electrocaloric  temperature-change  measurements  were  made  at  77.7 
and  94.3  K  (average  temperatures)  on  MLC's  from  the  first  batch,  and  it 
was  readily  established  that  the  temperature  rises  (0  +  E)  and  drops  (E 
♦  0)  were  perfectly  symmetric;  i.e.,  there  was  no  evidence  of  hysteretic 
components.  This  finding  correlates  very  well  with  the  dielectric  e£ 
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ndependent  behavior  is  suggested. 


data  in  Fig.  4  (note  that  the  dielectric  data  are  measured  at  1  kHz, 
the  electrocaloric  data  at  essentially  d.c.  conditions).  These 
reversible  aT6  data  are  shown  in  Fig.  9  and  we  point  out  that  in 
reducing  these  data  according  to  Eq.  (18),  the  E-field  dependence  of  Cs 
in  Eq.  (18)  was  taken  into  account  using  the  data  in  Fig.  8.  Referring 
to  Eq.  (9),  the  E  leading  term  is  apparent  in  Fig.  9,  and  at  the 
highest  E-fields  an  E6  (or  higher-order  term)  becomes  apparent.  We  note 
in  Fig.  9  that  the  ATe-values  at  77.7  K  are  smaller  than  at  94.3  K 
despite  the  fact  that  the  specific  heat  values  are  ordered  oppositely. 
The  thermodynamic  analyses  in  the  next  section  will  explain  this 
apparent  contradiction. 

VII.  THERMODYNAMIC  ANALYSIS 

In  this  section  an  attempt  will  be  made  to  analyze  the 
experimental  data  in  Figs.  3,  5,  7,  8,  and  9  along  the  lines  of  the 
theoretical  discussion  in  Section  III.  The  experimental  data  from  the 
first  batch  of  MLC's  are  selected  because  these  data  represent  a 
complete  set. 

The  first  step  is  to  analyze  the  Fig.  5  data  according  to  Eq.  (3) 
written  as 

4ir /e|:  =  4it/e0  +  \  bnE2n.  (19) 

Regression-analysis  methods  were  employed,  and  it  was  found  that  a 
fourth-order  fit  (i.e,  E0)  gave  an  excellent  representation  of  the 
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Electrocaloric  data  measured  on  CPN17A-3  from  the  first 
generation  of  MLC's  at  77.7  and  94.3  K.  At  low  field 
strengths  on  E2  dependence  is  indicated,  changing  to  an 
E  (or  higher  order)  dependence  at  the  largest  fields. 


Fig.  5  data.  The  fitting  parameters  are  given  in  Table  II  and  are  cast 
in  the  cgs-esu  system  of  units  to  facilitate  the  thermodynamic 
comparisons  below. 


Parameter 


Table  II 


Fitting  Parameters  at  77 


Value,  cgs-esu 
4.302  x  10"7 
-2.097  x  10*12 
5.253  x  10-18 
-4.767  x  10-24 


.3)  Fig.  5  data  according  to  Eq.  (19). 


Next,  the  reversible  ATe  data  in  Fig.  9  were  fitted  to  Eq.  (9) 


written  as 


ATe/E2  =  aQ  +  ajE2  +  a2E4  +  ... 


The  experimental  data  could  be  fit  very  satisfactorily  with  a  fourth- 

o 

order  expansion  (i.e.,  E  )  using  regression-analysis  methods,  and  these 
fitting  parameters  are  given  in  Table  III,  again  in  cgs-esu  units,  for 
the  two  temperatures  involved. 
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Table  III 

aTc  Fitting  Parameters  (a)  (cgs-esu) 


Parameter 

77.7  K 

94 

1.3  K 

ao 

2.513 

x  10-5 

4.325 

x  10-5 

ai 

-7.643 

x  10-10 

1.997 

X  10-9 

a2 

1.133 

x  10-1** 

4.297 

x  10-19 

a3 

-7.204 

x  10-20 

3.887 

x  10-19 

1.614 

x  10-2  5 

1.226 

x  10-24 

(a)  Fig.  9  data  according  to  Eq.  (20) 


These  curve-fittings  of  the  e£  and  aT6  data  involve  higher-order 
terms  than  appear  in  Eqs.  (3)  and  (9)  to  obtain  satisfactory  data  fits, 
and  there  Is  the  concern  if  these  two  fits  are  compatible  (i.e.,  E8  for 
eg,  E10  for  ATe).  These  fits  are  equivalent  for  the  following  reason: 
The  susceptibility  Xjr  involves  the  second  derivative,  Eq.  (3),  whereas 
the  polarization  P  involves  the  first  derivative,  Eq.  (2)  (i.e.,  on 
inversion).  The  aT6  in  Eqs.  (8)  -  (9)  involves  an  integration  over  E, 
so  an  Em  expansion  for  Xf  is  equivalent  to  an  Em+2  expansion  for  aTc. 
Comparing  Eqs.  (9),  (10),  and  (20),  we  have 

X0/2X^  =  (PC0/T)  a0  (21) 

where  we  have  approximated  Cf  =  C0  in  Eq.  (9)  based  on  the  Fig.  8  data 
and  the  density  p  enters  Eq.  (21)  because  Cf  in  Eq.  (7)  is  the 


volumetric  specific  heat  whereas  the  Fig.  7  data  are  gravimetric  data. 

At  77.7  and  94.3  K  the  a0-parameters  are  given  in  Table  III,  the 
xo  (  =  4ir/e0)  and  C0  values  are  taken  from  Figs.  5  and  7,  respectively, 
and  p  =  6.2  g/cm 3 .  Solving  Eq.  (21)  we  find  that  de0/dT  =  -  82  and  - 
150  K" 1  at  77.7  and  94.3,  respectively.  For  comparison,  from  Fig.  5  we 
find  -  50  and  -  110  K"1,  respectively,  at  the  two  temperatures .  This  is 
reasonably  good  agreement  considering  the  assumptions  and  approximations 
used  [e.g.,  using  C0  in  Eq.  (9)  has  the  effect  of  overestimating  de0/dT 
from  Eq.  (21)]. 

Again  comparing  Eqs.  (9),  (10),  and  (20)  as  above,  we  have 
-  K  Vxo  =  (pC0/T)a1,  (22) 

and  proceeding  as  above  and  using  experimental  data  for  de0/dT,  we  find 
that 


£(77.7  K)  =  2.69  x  10'”  (cgs-esu) 

£(94.3  K)  =  3.63  x  10'1  (cgs-esu).  (23) 

Turning  now  to  the  ef-data,  we  have  on  comparing  Eqs.  (3)  and  (19) 

that 


3£/Xq  =  bj 

which  from  Table  II  and  Fig.  5  yields 


(24) 
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£(77.4  K)  =  4.31  x  10"13  (cgs-esu) 


(25) 


The  agreement  between  the  e-values  from  the  electrocaloric  data,  Eq. 
(23),  and  the  dielectric  data,  Eq.  (25),  is  very  satisfying  considering 
the  amount  of  experimental  data  used  and  the  assumptions  made. 
Summarizing, 

£  =  (3.54  ±  0.81)  x  10-13  (cgs-esu).  (26) 

Turning  next  to  the  ^-coefficient,  we  have  on  comparing  Eqs.  (9), 
(10) ,  and  (20)  that 

21C2V6xJ  -  £X0/Xo  =  (pC0/T)a2,  (27) 

which  yields  from  the  electrocaloric  data 

£(77.7  K)  =  2.48  x  10-22  (cgs-esu) 

£(94.3  K)  =  1.64  x  10-22  (cgs-esu)  (28) 

using  the  average  £-value  from  Eq.  (26).  For  the  dielectric  data,  on 
comparing  Eqs.  (3)  and  (19), 

5c/Xq  -  6£2/Xg  =  b2,  (29) 

which  yields  on  substitution  of  the  appropriate  quantities 

£(77.4  K)  =  0.86  x  10-22  (cgs-esu)  (30) 
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Once  again  there  is  a  satisfying  agreement  between  the 
electrocaloric  and  dielectric  data,  and  the  average  value  of  5  is 

C  =  (1.66  ±  0.81)  x  10-22  (cgs-esu)  (31) 

Therefore,  we  find  that  the  dielectric  data  (Figs.  3  and  5), 
specific-heat  data  (Fig.  7),  and  electrocaloric  data  (Fig.  9)  can  be 
satisfactorily  explained  and  correlated  along  the  thermodynamic  lines 
given  in  Section  III.  Only  the  x0-coef ficient  was  assigned  a  tempera¬ 
ture  dependence,  and  the  E-field  dependence  of  the  specific  heat  was 
ignored,  yet  we  find  remarkably  good  agreement  between  the  5  and  5 
coefficients  determined  independently.  The  sign  of  the  5 -coefficient 
indicates  that  the  ferroelectric  transition  in  CPN17  is  second  order. 

Finally,  it  is  of  interest  to  compare  the  5  and  5  coefficients 
here  with  those  for  other  ferroelectrfcs,  and  this  comparison  is  given 
in  Table  IV. 


Table  IV 

Comparison  of  Ginzburg-landau  Coefficients  (cgs) 

CPN17  KTa03  (a)  SrTi03(b)  BaTiO^c) 

5  3.54  x  10-13  9.8  x  10-12  „  10-12  ~  1.2  x  20-12 

c  1.66  X  10-22  6.2  X  10-20  3  x  10-21  ~  5  X  10-22 


(a)  Ref.  10 

(b)  Ref.  11 
(O  Ref.  12 
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VIII.  CONCLUSIONS  AND  DISCUSSION 


The  technical  goals  of  this  Phase  I  program  have  been  met  in  that: 
(1)  Prototype,  multilayer  capacitors  were  successfully  fabricated;  (2) 
Dielectric,  specific-heat,  and  electrocalori c  data  were  measured  on 
these  MLC's  and  successfully  explained  within  the  Ginzburg-Landau 
thermodynamic  formalism;  and  (3)  Capacitive  energy  storage  values  at  77 
K  in  the  range  1-10  J/g  were  determined  from  measured  ef-data. 

The  state-switching  phenomenon  in  Fig.  6  is  of  great  interest  both 
from  a  practical  viewpoint  and  also  from  a  fundamental  viewpoint. 
Clearly,  if  this  state  can  be  stabilized,  the  energy  storage  density  (~ 
10  J/g)  associated  with  this  state  is  very  large,  approaching  the 
density  of  chemical  explosive  systems. 

The  explanation  of  the  e-F  behavior  in  Fig.  fi  is  probably 
straightforward :  For  E  a  300  kV/cm,  CPN17  undergoes  a  field-induced 
phase  transition  to  a  highly  polarizable  state.  The  CPN17  material  is  a 
pyrochlore  structure,  space  group  Fd3m,  and  this  structure  is  especially 
favorable  for  induced  phase  transitions.  That  is,  there  are  eight 
A2B20?  units  per  unit  cell,  so  there  are  multiple,  possible,  neighboring 
states  involving,  for  example,  slight  rotations  of  oxygen  octahedra. 

For  comparison,  the  perovskite  structure  (point  group  m3m)  contains  one 
formula  weight  per  unit  cell,  so  that  phase  transitions  involve  rather 
gross  distortions  (e.g.,  cubic  -»■  tetragonal)  and  the  number  of  neigh¬ 
boring  states  is  small  (3).  fine  imagines  that  in  the  A^f^  pyrochlore 
structure,  the  dielectric  activity  is  dominated  by  the  displacement  of 
B-site  ions  within  the  B0g  octahedra.  On  increasing  E,  these  displace¬ 
ments  begin  to  saturate  along  the  field  direction,  but  at  a  certain 


E-field  the  B06  octahedra  may  rotate,  thus  providing  unsaturated 
directions  for  B-site  ion  displacement,  and  therby  a  sharp  jump  in 
as  in  Fig.  6. 

It  is  particularly  important  that  e0  repeats  very  well.  Fig.  6, 
as  this  indicates  that  the  induced  state  in  CPN17  is  non-hysteret i c 
which  is  very  important  for  capacitive  energy  storage.  That  is,  if  this 
induced  state  had  a  spontaneous  polarization,  eo  would  be  considerably 
reduced  as  E  +  0.  The  repeatabi  1  i ty  of  e0  simply  means  that  all  the 
accessible  states  of  the  B-site  ion  at  E  =  0  are  still  available  after 
field-cycling  to  ~  1  MV/cm. 

The  dielectric  breakdown  strengths  achieved  in  the  prototype  MLC's 
were  somewhat  disappointing,  but  this  is  not  surprising  considering 
these  were  the  first  attempts  to  make  CPN17  MLO's.  Nonetheless,  it  is 
significant  that  the  average  breakdown  strengths  were  improved  between 
the  first  and  second  (small)  batches  of  MLC's  and  that  one  MLC  withstood 
1.07  MV/cm. 

The  success  of  the  thermodynamic  analysis  in  explaining  and  cor¬ 
relating  all  the  data  measured  on  the  first-batch  MLC's  is  very  satis¬ 
fying  and  explains  why  the  aT6's  at  94.3  K  are  larger  than  at  77.7  K  in 
Fig.  9.  Namely,  deo/dT  is  larger  at  the  former  temperature,  m'nce  the 
transition  temperature  and  therefore  deo/dT  can  be  changed  by  varying 
the  composition  of  the  CPN17  ceramic,  this  finding  is  of  great  practical 
interest  for  adjusting  the  electrocaloric  effects. 

The  electrocaloric  effects  may  act  as  a  stabilizing  mechanism  in 
certain  fast-discharge  applications,  and  the  electrocaloric  energy 
available  can  be  estimated  directly  from  the  specific  heat  data  in  Fig. 
7:  At  77  K,  the  CPN17  ceramic  has  C0  =  0.1B  J  g-1  K~l ,  so  for  an 
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adiabatic-depolarization  temperature  change  ~  1  K  (Fig.  9)  the  energy 
available  is  ~  0.15  J  g-i  =  0.93  J  cm~3 . 

These  electrocaloric  effects  must  be  viewed  in  the  correct  light: 
On  polarization,  a  heating  effect  takes  place,  whereas  on  depolariza¬ 
tion,  a  cooling  effect  occurs,  and  these  two  effects  are  equal  because 
the  electrocaloric  effects  are  reversible.  Consequently,  the  electro¬ 
caloric  properties  do  not  affect  the  overall  system  energy  balance  at 
steady  state. 

However,  this  does  not  mean  that  electrocaloric  effects  are 
without  value.  For  example,  one  can  imagine  a  slow  charging  situation 
where  the  heat  of  polarization  diffuses  into  the  nitrogen  bath  followed 
by  a  fast  discharge  where  electrocaloric  cooling  compensates  for  the 
slow  diffusion  of  irreversible  heating  effects  (see  below).  Thus,  while 
not  affecting  the  energy  balance,  electrocaloric  effects  could  favorably 
impact  the  rate  of  charge/discharge  cycling. 

Finally,  we  return  to  the  Joule  heating  in  the  thin  metal 
electrodes  in  the  MLC,  Eq.  (15), 

U  =  (Pe/5)U3)At){AF/Ec)2 

where  from  Section  IV  pe/<5  =  3.14  n  at  77  K.  Selecting  the  realistic 
values  Jt,=w  =  2.54  cm  and  &t  =  10"2  sec,  and  taking  the  most  extreme 
case  from  the  above  data,  aF  =  9.4  J/g  =  58  J/cm3  (Table  I)  at  Ec  = 

1.08  MV /cm,  we  find 


U  *  4  x  10-5  j. 
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This  Joule  heating  is  absorbed  by  the  ceramic  layer,  and  selecting 
d  =  0.001  in.  we  find  that  the  energy  density  to  be  absorbed  by  the 
ceramic  layer  is  2.44  x  10~3  J/cntf.  Since  the  specific  heat  of  the 
CPN17  at  77  K  is  0.15  J  g-1  K"i  =  0.93  J  cnr3  K"1 ,  the  associated 
temperature  rise  in  the  ceramic  is  ~  2  1/2  mK.  This  is  a  very  small 
temperature  rise  compared  to  the  electrocaloric  temperature  changes.  In 
fact,  since  l)  «  (At)-1,  the  discharge  time  would  have  to  approach 
~  25  psec  before  the  Joule  heating  in  the  electrode  would  become  agui va¬ 
lent  to  the  electrocaloric  cooling  for  this  extreme  case. 

IX.  RECOMMENDATIONS  FOR  FUTURE  STUDIES  -  PHASE  II 

The  studies  here  indicate  three  related  areas  for  research  in  a 
Phase  II  study:  (1)  Ceramic  research  to  understand  and  thereby  improve 
the  breakdown  strength  of  CPN17  MLC's  at  cryogenic  temperatures ;  (2) 
Solid-state  research  to  understand  the  physics  of  CPN17  at  large 
electric  fields  in  general  and  of  the  state-switching  phenomenon  in 
particular,  including  the  development  of  thermodynamic  models;  and  (3) 
Systems  research  based  on  the  construction  and  testing  of  a  prototype 
capaciti ve -energy-storage  system,  including  a  thermodynamic  systems 
analysis.  We  note  that  the  studies  (2)  and  (3)  above  depend  on  the 
first  study. 

A  Phase  II  program  along  these  lines  would  not  only  yield  funda¬ 
mental  ceramic  and  solid-state  physics  information  but  also  generate 
operating  data  for  a  prototype  storage  system. 
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